Introduction
Full-field optical techniques for displacement or strain measurements are now widely used in experimental mechanics. The main techniques are photoelasticity, geometric moiré, moiré interferometry, holographic interferometry, speckle interferometry (ESPI), grid method and digital image correlation (DIC) [1] [2] [3] [4] . It should be noted that some of these techniques can only measure in-plane displacements/strains on planar specimens and some of them can give both in-plane and out-of-plane displacement/strain fields on any kind of specimen (planar or not). Due to its simplicity and versatility, the DIC method is probably one of the most commonly used methods, and many applications can be found in the literature: heterogeneous deformation of foams [5] , crack growth of functionally graded materials [6] , large deformation of polymers [7, 8] for instance. This method can be used with a single camera (standard DIC) to measure in-plane displacement/strain fields on planar objects, or with two cameras (3-D Digital Image Correlation) to measure 3-D displacement/strain fields on any 3-D object [9] [10] [11] .
DIC method has already been used on concrete samples to measure strains during compression tests [12] , to evaluate the damage [13, 14] or to characterize localization and cracking phenomena [15] . In most of these studies, the DIC technique was used to characterize the fracture process in concretes. In these cases, DIC is easy to handle because measured displacements are quite large. Recently, Puyo-Pain et al. [16] evaluated the elastic properties of a ceramic brazing joint using DIC-based full-field measurements under tensile, compression and bending loads. They succeeded in measuring very small strains (< 10 −4 ). Orteu et al. [17] have applied the 3-D DIC technique to characterize the behavior of fiber reinforced refractory castables (FRRC) by performing 3-D reconstruction of metallic fibres and 3-D displacement measurement during a tensile test using virtual extensometers.
Refractory castables exhibit very low fracture strain levels in the case of tensile tests [18] [19] [20] [21] . Moreover, such granular materials are highly heterogeneous. Consequently, it is difficult to obtain reliable strain values using mechanical extensometers.
The aim of this paper is to show that the 3-D DIC technique has three main advantages for strain measurements of fiber reinforced refractory castables with regard to their elastic behavior: (a) a strain resolution for macroscopic measurements close to that provided by mechanical extensometers, without the problem of the spatial dependance in the position of the extensometer rods, (b) full-field intrinsic potentiality, which gives a description of the spatial distribution of strain, and (c) a three-dimensional measurement of the sample shape and the displacement fields, which makes it possible to provide the true surface (2-D) strain tensor fields on 3-D objects.
2 3-D Digital Image Correlation (3-D DIC)
Principle
The 3-D DIC method is based on both digital image correlation (DIC) [22] and stereovision, and was developed at the end of the last century [9, [23] [24] [25] [26] . The technique uses a DIC algorithm to determine point correspondences between two images of a specimen acquired from two rigidly bounded cameras. The correlation scores are computed by measuring the similarity of a fixed subset window in the first image to a shifting subset window in the second one. A firstorder two-dimensional shape function in the subset [27] and a zero normalized sum of square difference (ZNSSD) correlation criterion are used. Sub-pixel correlation is performed using quintic B-spline grey level interpolation [28] . After determining the calibration parameters for each camera as well as the 3-D relative position/orientation of the two cameras (pinhole model and radial distortion of 3rd order), the 3-D specimen shape can be reconstructed from the point correspondences using triangulation. To determine the 3-D displacement field, DIC is also used to determine point correspondences between the stereo pairs acquired before and after deformation. The strain field is obtained from the displacement field by numerical differentiation. A complete description of the 3-D DIC technique can be found in the literature, e.g. Luo et al. [24] or Garcia [29] . In this work, we have used the Vic-3D r commercial software [30] .
It should be noted that 3-D DIC was used in this work instead of standard 2-D DIC for two main reasons: (a) in 2-D DIC, the specimen must be positioned parallel to the camera sensor and must undergo a planar deformation without any out-of-plane displacement. In practice, this is difficult to guarantee, and an apparent strain could be added to the real strain undergone by the specimen, and (b) due to the calibration requirements of the stereo rig, lens distortions are also corrected for better accuracy measurements. Figure 1 -right).
Experimental set-up
[ Figure 1 about here.]
Several parameters are involved in the 3-D DIC method: the subset size or correlation window size (cws), the grid step size p of the matched points, and the number of neighboring matched points (nmp) used for the strain computation by discrete derivation. The subset size cws defines the displacement spatial resolution as cws/g (in mm). The step size p is chosen as a compromise for obtaining a reasonable smooth displacement field without using an excessive amount of computer time. Typical step sizes are 5 pixels for the bending test images and 10 pixels for the tensile test images. The number of matched points and the step give the N × N pixels size of the square optical gauge surface, as N = nmp × p − 1 (in pixels) or N/g (in mm), which defines the strain spatial resolution.
Optimization of 3-D DIC parameters and metrological aspects
In the following, a procedure to estimate practically the resolution and the uncertainty assessment of the 3-D DIC measurements is presented. The analysis is focussed on bending test specimens. The displacement/strain standard uncertainty [31] will be evaluated from the displacement/strain standard deviation, defined by eqn. (1), as:
for which R can be the horizontal displacement U or the strain along the same direction, called ε, measured by DIC or 3-D DIC. N b is the number of the correlated points in the ROI and µ(R) is the bias (mean value), defined by eqn. (2), as:
A speckle analysis is first performed that highlights the quality of the painted speckle pattern. Displacement (section 3.2) and strain (section 3.3) resolution and standard uncertainty are then experimentally estimated.
Speckle-pattern analysis
The analysis was performed on one of the concrete bending test specimen images. A black speckle pattern was randomly sprayed on its flat white painted surface. Several attempts were made to obtain an evenly distributed pattern of black paint drops ( Figure 2 ).
[ The size of the speckle ("grain size") is also examined by computing the autocorrelation radius, based on the autocorrelation function of a speckle image [32] . In this work, the autocorrelation radius D/2 is calculated at the height h corresponding to the slope change of the 3-D normalized autocorrelation function peak of the image (see Figure 3) . A mean radius of 6.19 pixels with a standard deviation of 2.28 pixels is obtained.
[ Figure 3 about here.]
Some studies have been done on our laboratory on synthetic speckle-pattern images with different speckle sizes (mean autocorrelation radii between 2 and 56 pixels), provided by a synthetic speckle texture image generator software [29, 33] . DIC was performed using Vic-2D r software between reference and deformed images (imposed rigid displacement of 0.5 pixels, that minimizes the systematic error [12, 34] ) when varying the subset size from 9 to 61 pixels (9, 11, 15, 21, 25 , 31, 41 and 61). The step size p was chosen as equal to cws so that there is no overlap between neighboring subsets, ensuring the statistical independence of the errors. This computation was also done for a step size lower than cws (e.g. p = 5 pixels) and the same result was observed, showing that for displacement standard deviation assessment, the step size has no influence. It was found that the optimum mean speckle size corresponds to a mean autocorrelation radius of 5.7 pixels -say between 4.8 and 8.7, as presented in Figure   4 .
[ Figure 4 about here.]
For lower radii, the standard deviation increases as the radius decreases and a slope of -1 in the log-log graph is regularly observed. In this case, the speckle size is too small compared with the subset size, which means that the speckle is not coded on a sufficient number of pixels (bad over-sampling). For autocorrelation radii greater than 5.7, the standard deviation increases as the radius increases, and very high values are obtained for small subset sizes and large radii.
Typically, the size of a large speckle is larger than the subset, giving bad correlation scores. It is worth noting, firstly, that the subset size should be larger than the speckle size, the practical rule of thumb being a subset 3 times larger than the mean speckle size. Secondly, it was noted that increasing the subset size reduces the displacement standard uncertainty but also reduces the displacement spatial resolution.
In conclusion, the autocorrelation radius of the speckle concrete specimen is close to 6 pixels, so we can consider that we have achieved an optimum painted speckle size. However its standard deviation is twice that obtained with a synthetic speckle and its grains are not really randomly distributed.
Displacement resolution and uncertainty
This section deals with an estimation of the displacement resolution and uncertainty based on imposed rigid body displacements of the specimen. Some studies have suggested estimating the displacement errors by imposing rigid displacements to a speckle-pattern specimen [35] , generally to evaluate DIC algorithms. In the case of 2-D DIC, the procedure is problematic.
Firstly, it is in practice impossible to impose on the specimen a displacement that is perfectly parallel to the CCD sensor plane. Secondly, in the case of a pure translation parallel to the CCD sensor plane, there is no deformation of the subset image, which leads to an optimal (biased) situation for DIC. In the case of 3-D DIC, pinhole projections of the specimen on the two CCD sensors allow a complete and true evaluation to be made of the correlation-based image matching and 3-D reconstruction algorithms. This is due to the fact that the specimen plane movements are never parallel to both CCD sensor planes and that there is an apparent projective deformation of the speckle-pattern on the stereoscopic images [29] . This confirms that it is relevant to use solid rigid displacements of a speckle-pattern specimen to evaluate 3-D DIC.
The ultimate displacement resolution related to the image noise can be examined by study- for all experiments converges to 1.5 µm for subsets greater than 25 pixels. The standard deviation of σ(U ) for all experiments is independent of the subset size and equal to 0.5 µm.
As the displacement standard uncertainty is evaluated from σ(U ), a good estimation of the displacement standard uncertainty is 1.5 µm. Note that the random error previously observed without any motion (only image noise) and representative of the displacement resolution was close to 0.5 µm, while the same tendencies are observed. For the actual image resolution g b = 10.3 pixels/mm, the displacement standard uncertainty corresponds to about 1.5 × 10
pixels.
There is always a compromise between spatial resolution and displacement standard uncertainty: increasing the spatial resolution (lower subset size) increases the displacement uncertainty. We have previously shown that a speckle size corresponding to an autocorrelation radius close to 6 pixels is an optimum size. For a painted speckle size with a mean radius close to 6 pixels, we decided that a good compromise is obtained for a subset size of 25 pixels (i.e. 2.4 mm) leading to a displacement standard uncertainty of about 1.5 µm. In the following, the subset size will be imposed at 25 pixels for the bending test specimens. A plane metal specimen with a synthetic speckle-pattern, printed on a paper sheet and stuck to it, is fixed on a 1 µm resolution translation device. Displacements are imposed by the micrometer in the 1 µm to 10 mm range. A series of images of the speckle-pattern specimen is acquired by a calibrated stereo rig following the previously described conditions. 3-D DIC is then performed on these image pairs. As the axis of the imposed micrometer displacement [ Figure 7 about here.]
The relative error e is given by eqn. (3)
An acceptable relative error is observed for displacements greater than 4 µm. For displacements lower than 2 mm, absolute measured errors are always lower than 10 µm. Strain fields for the 50 rigid body motion experiments discussed in section 3.2 were also computed with Vic-3D r when varying the number of neighboring matched points. One can observe in Figure 9 that in all cases, σ(ε) decreases as the gauge length increases and that the dispersion is quite constant.
Strain resolution and uncertainty
[ Figure 9 about here.]
For nmp = 15 corresponding to a 7.2 mm strain gauge length, values close to 10 −4 are obtained, with a rather low dispersion (standard deviation of σ(ε) is close to 0.25 × 10 −4 ). In the present study, this 7.2 mm strain gauge length is a good compromise between the strain spatial resolution and the strain standard uncertainty (10 −4 ).
As the true zero strain is known, the bias µ(ε) can be calculated, as presented in Figure   10 .
[ Figure 10 about here.]
The bias is independent of the strain gauge length: values are in the −2 × 10 −5 to 6 × 10
range, but the mean value for bias is lower than 10 −5 with a standard deviation of 2 × 10 −5 .
As a conclusion, strain standard uncertainty is dependent on the strain gauge length, typically about 10 −4 for a 7.2 mm strain gauge length, but the mean strain error on the ROI is independent of the strain gauge length and its value is a decade lower: the systematic strain error is lower than 10 −5 .
Synthesis
We have shown that the optimal speckle size corresponds to a mean radius close to 6 pixels. The FRRC in question is a geopolymer based refractory castable reinforced with 1.5 % vol. of metallic fibres. The FRRC formulation and processing route have been detailed in previous papers [36, 37] . The maximum aggregate size is of 3 mm and metallic fibers have a 12.5 mm length and a 0.38 mm diameter. After a 80
• C drying step, the FRRC is fired in order to stabilize the microstructure for high temperature applications. Such heat treatment is known to generate damage in the FRRC microstructure. This is mainly due to the differential dilatometric behaviors of the matrix, of the aggregates and of the metallic fibres [37, 38] .
Damage mechanisms deal with aggregate/matrix decohesions, fiber/matrix decohesions and with matrix microcracking. Three firing temperatures are considered: 110 • C, 500
• C and 900
• C. The higher the firing temperature, the higher the damage level [20] . As a consequence, for each firing temperature, the mechanical behavior and the microstructure of the FRRC are different.
Experimental methods
Uniaxial tensile tests are performed at room temperature on a MTS 810 servo-hydraulic universal testing machine by means of a non-articulated tensile system ( Figure 11 on the left).
Sample extremities are glued on metallic plates. The specimen geometry has been defined to concentrate the highest stress levels in a reduced cross-section of 30 × 25 mm The theory of elasticity is applied to calculate Young's modulus E and the nominal strength σ on the tension sample face:
where P is the applied load; b and h are respectively the width and the height of the specimen;
L and l are the distances between the lower and the upper loading rollers and d is the sample deflection.
Exploitation of strain fields measured by 3-D DIC during mechanical tests
For both tensile and bending tests, the 3-D DIC method is used to determine strain fields and strain mean values. Parameters of the 3-D DIC method retained in this part of the study are those described and justified in section 3. During mechanical tests, one pair of images is stored every 500 ms.
As mentioned in section 3, the strain standard uncertainty is close to 10 −4 . This is quite a high value compared to the strain levels which characterize the FRRC behavior under tension.
On the other hand, the mean value for the systematic strain error is close to 10 −5 . As a consequence, for each step of strain determination by 3-D DIC, a mean value of the local strain determined at each point of the considered ROI is calculated. This approach is based on the assumption that this macroscopic strain value remains reliable in spite of the large spatial strain random error.
Furthermore, the mean value for the strain bias is lower than 10 −5 but with a standard deviation of 2 × 10 −5 (see Figure 10) . Consequently, to avoid a large scattering of the strain measurements by 3-D DIC after the spatial averaging, it was decided to smooth the 3-D DIC strain versus time curve. Thus, for each point of the curve, a strain mean value was calculated by 3-D DIC from seven image pairs. They deal with the image pair of the considered point and with the image pairs of the three previous and three following points.
Results of this method are illustrated by considering the case of a cyclic tensile test performed on a sample fired at 500 • C. During this test, the strain was also measured by a mechanical extensometer. The temporal evolutions of strains calculated by 3-D DIC are superposed onto the extensometer measurements before (Figure 12 , left) and after applying smoothing (Figure 12 , right).
[ Figure 12 about here.]
An examination of these two figures reveals the beneficial reduction of the scattering amplitude which is obtained after applying the smoothing procedure. Because of the high image storing rate compared to the crosshead displacement velocity, the smoothing procedure does not greatly affect the temporal evolutions of the 3-D DIC strain. In this study, strain curves calculated by 3-D DIC will ultimately be smoothed using this method. As a preliminary comment, it can be observed that the 3-D DIC strain evolutions are close to the evolutions of the strain measured by the mechanical extensometer. Such comparison must be made carefully.
Particularly, it must not be overlooked that the mechanical extensometer measurements are sensitive to the localization of the alumina rod tips compared to the microstructural heterogeneities and to strain localization phenomena.
The general macroscopic behavior of the FRRC in question has already been discussed in previous papers [20, 41] . Some significant results will now be considered in order to illustrate the benefits of coupling the 3-D DIC method to mechanical tests.
Mechanical tests 4.3.1 Tensile test results
Results of tensile tests performed on FRRC have already been presented and discussed [20, 21, 41] . Generic comments can be made to describe the room temperature tensile behavior.
At the beginning of the first loading, a linear elastic behavior is observed. When the stress level increases, the behavior moves to a non-linear one. This is due to microcracking damage processes that occur in the FRRC. At the stress peak, one or several macrocracks appear in the tensile test sample. The behavior moves to a softening part, because of the presence of fibers that bridge the macrocracks. During the application of loading/unloading cycles, permanent strains and hysteresis loops are measured. This must be related to the energy loss by internal friction in the microcracks. small difference is also obtained for the strain at the peak stress between the two methods.
These differences must be related to the strain localization phenomena which occur during the concrete cracking processes. The strains measured by the extensometer are more dependent on crack location sites. Indeed, the 3-D DIC method gives a mean value of the strain field which takes into account all local strain gradients which characterize the surface being considered.
As a consequence, all microcracks are integrated wherever they initiate. Thus, the 3-D DIC method allows access to a macroscopic strain field less dependent on crack locations. Moreover, some differences between the two measurements may come from the fact that strains are not measured on the same face of the tensile test sample. Even if particular attention is paid to the sample preparation and alignment procedures, some bending components can appear in the sample during the test because of material heterogeneities and because of the non symmetry of damage processes. Such effects have already been exposed and discussed by Nazaret et al. [20] .
Considering the first linear elastic domain, Young's modulus values calculated from the 3-D DIC tensile test curves are presented in Table 1 .
[ Table 1 
Four point bending test results
In this bending load case, the strain field is highly heterogeneous. As a consequence and because of the behavior specificities of damaged refractory castables, care must be taken when characterizing their tension behavior and determining their Young's modulus from bending tests. As discussed in a previous paper [20] , considering the beam deflection can lead to large errors in the determination of Young's modulus. Some results will now be considered to show that performing the 3-D DIC method on FRRC bending samples can be particularly useful in making such a determination. In the present work, the strain field is evaluated by 3-D DIC following the previously detailed method. At each storing time, a macroscopic value of the longitudinal strain is determined by calculating the strain mean value of a 45 mm width and 1mm height strain field. As detailed in Figure 14 , this field is obtained by considering an area located between the two upper loading rollers and in the lower part of the vertical face of the bending sample.
[ Figure 14 
where E is Young's modulus and ε the longitudinal strain measured by the 3-D DIC method.
Even if the area under consideration has a small height compared to its width, it takes into account a vertical strain gradient. As a consequence, the calculated strain mean value is a minor value of the true tension strain which specifically characterizes the lower face of the bending sample. Thus, this leads to an overestimation of Young's modulus when it is determined from such 3-D DIC measurements and from eqn. (6). 3-D DIC strains are computed using a square optical gauge of 7.2 × 7.2 mm 2 in size. This corresponds to the strain spatial resolution as described in section 3. Because of this strain spatial resolution and of the strain gradient, calculating the 3-D DIC strain value at the lower limit of the considered area (i.e. at the bottom edge of the sample) means the strain mean value is determined at 7.2/4 = 1.8 mm from the edge. On the other hand, when the strain is calculated at the upper limit of the considered area, the value obtained corresponds to the longitudinal strain at (7.2/2+1)/2 = 2.3 mm from the bottom edge of the sample. Thus, considering that the strain gradient is linear between the lower sample edge and the neutral axis, the overestimation of Young's modulus can be estimated as being in the 14.4% to 18.4% range. It must be noticed that this overestimation of strain values is not an intrinsic property of the 3-D DIC method. In this method, the strain resolution is directly related to the image characteristics and may be greatly reduced for example when considering a larger sample or a larger magnification.
For both tensile and 4-point bending tests, values of the FRRC Young's modulus are presented in Table 1 Another way to compare the 3-D DIC strain evolutions with macroscopic measurements is proposed in Figure 15 by considering the results of a monotonic 4-point bending test performed on a 110
• C dried sample.
[ Figure 15 about here.]
Macroscopic strains correspond to the strain of the bottom sample face and is calculated on one hand from the load measurements by considering the theory of elasticity and Young's modulus determined during tensile tests, and on the other hand by 3-D DIC measurement applied on the area defined in Figure 14 . By comparing the two curves it is possible to conclude that 3-D DIC strain levels are underestimated and that the two strain evolutions remain similar up to the sample fracture.
For damaged concretes, these results demonstrate the ability to determine Young's modulus from the 3-D DIC method even when considering the case of heterogeneously loaded structures like bending beams. Indeed, despite of the uncertainty which characterizes these values, they
give better results compared to those obtained from mechanical beam deflection measurements. This is mainly due to the fact that 3-D DIC strain calculations do not consider the influence of the contact areas between the sample and loading rollers. As previously discussed [20] , the discrepancies between Young's modulus values measured during tensile tests and 4-point bending tests are due to local strain effects which take place at the roller/sample contacts and influence the deflection measurement during bending tests.
Conclusion
Refractory castables exhibit very low strain levels before fracture when subjected to tension or bending. At peak stress these levels are of the order of magnitude of 10 −4 . In the present work, it has been shown that 3-D DIC makes it possible to measure such small strain levels with a resolution close to 10 −5 . As a consequence, this method is useful to quantify the low strain levels that characterize reinforced or unreinforced refractory castables during tensile and bending tests. Furthermore, care must be taken when choosing the 3-D DIC parameter values by taking into account the nature and the scale of the mechanical problem under consideration.
In the present paper, choices have been justified by way of a metrological analysis of 3-D DIC, in order to evaluate the resolution, the standard uncertainty and the spatial resolution for both displacement and strain measurements.
The optimal speckle size / subset size pair has been determined from the analysis of These results are highly encouraging when considering that camera resolution will continue to improve in the future. Another interesting step would be to adapt the 3-D DIC method in order to be able to perform high temperature measurements.
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